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(57) ABSTRACT

Magnetic field sensor having a vertical Hall sensor element
arranged in a semiconductor substrate, and an exciting con-
ductor arrangement having at least one exciting conductor,
the exciting conductor being arranged within an exciting con-
ductor plane which is spaced apart, in parallel to the substrate
surface, from the vertical Hall sensor element at a vertical
distance h, having a tolerance range Ah, which is due to the
manufacturing process, and which exciting conductor further
has a lateral distance d, as an offset from a center position
which is located, in relation to the substrate surface, perpen-
dicularly to the vertical Hall sensor element, and the lateral
distance d, being dimensioned such that a vertical calibration
component B, of a magnetic flux density B, created by the
exciting conductor arrangement in the vertical Hall sensor
element changes by less than 5% within the tolerance range
Ah, for the vertical distance h,.

10 Claims, 6 Drawing Sheets
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1
CALIBRATABLE MAGNETIC FIELD SENSOR
AND METHOD OF PRODUCING SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority from German Patent
Application No. 102011004391.8-35, which was filed on
Feb. 18, 2011 and is incorporated herein in its entirety by
reference.

The present invention relates to a calibratable magnetic
field sensor comprising a vertical Hall sensor element, and to
a method of producing same.

BACKGROUND OF THE INVENTION

To determine the sensitivity of a magnetic field sensor, a
magnetic field having a magnetic flux density, which should
be known, if possible, is created at the location of the sensor
by impressing a defined current into a coil or an exciting
(excitation) conductor. The resulting change in the output
signal of the magnetic field sensor upon application of a
calibrating magnetic field may then be used to infer the sen-
sitivity of the sensor. Thus, in a Hall sensor element, a change
in the Hall voltage, which is caused by a change in the mag-
netic flux density in the sensor element, may be used to infer
the actual sensitivity of the Hall sensor element.

With exciting (excitation) coils or exciting conductor pat-
terns, the problem may arise that during manufacturing of the
magnetic field sensor in a semiconductor substrate, the indi-
vidual layer structures are subjected to process variations as
typically occur in the manufacturing of semiconductor
devices. In a semiconductor device, said process variations
are generally considerably larger in the vertical direction, i.e.
in a direction perpendicular to the substrate surface, thanin a
lateral direction, i.e. in a plane parallel to the semiconductor
substrate surface. Accordingly, an actual value of a distance
between the active area of the Hall sensor element and the
exciting conductor pattern may deviate from an ideal distance
value aimed at during manufacturing. Since in the calibration
of the magnetic field sensor by means of a magnetic field
created by a defined calibration current, the position and/or
the effective distance of the exciting line from the active area
of the Hall sensor element is accounted for, any process
tolerances not taken into account may lead to inaccurate
calibration of the magnetic field sensor.

FIGS. 6a-b show a schematic diagram in the form of a top
view and a sectional view of a vertical Hall sensor element
100 in a semiconductor substrate 108. Vertical is supposed to
mean a plane perpendicular to the semiconductor substrate
and/or chip surface 108a, i.e. vertical to the x-z plane in FIGS.
6a-b. The vertical Hall sensor element 100 shown in FIGS.
6a-b comprises five contact areas 102a-e¢ along the main
surface of the active semiconductor area 104. Vertical Hall
sensors, which may sense a magnetic field component B, in
the active area parallel to the substrate surface (in the x direc-

tion), may be provided with a calibration flux density §0 ina
targeted manner for calibration by means of an exciting con-
ductor 106 through which a calibration current I, flows. As is
schematically shown in FIG. 64, the exciting conductor 106 is
arranged at a height h, directly above, or perpendicularly
above, the Hall sensor element 100. As is further depicted in
FIGS. 6a-b, the active area 104 of the Hall sensor element 100
has a width s, for example, while the exciting conductor 106
has a width e,,.
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In this manner, the magnetic flux density B, created at the
location of the sensor by the exciting conductor 106 may be
approximately specified on the basis of the distance h,
between the Hall sensor element 100 and the exciting con-
ductor 106, the sensor width s, the exciting conductor width
e, and the current I, flowing through the exciting conductor
106.

In a vertical Hall sensor element, the above-mentioned
process tolerances may have a particularly strong impact
since the distance h, between the active area 104 of the Hall
sensor element 100 and the exciting conductor 106 may fre-
quently vary within a range of +40% of the actual target
distance h, due to process variations or process tolerances. As
aresult, the sensitivity of vertical Hall sensor elements can be
determined with a relatively low level of accuracy only.

FIG. 7 shows, e.g., the dependence of the magnetic flux
density B, (e.g. inuT) on the height h, (in um) of the exciting
conductor 106 above the active area 104 of the Hall sensor
element 100. The magnetic flux density B, decreases in
proportion to 1/h, over the distance h,. If one assumes, for
example, a distance h, of 5 pm, within a tolerance range of,
e.g., only about +20% (=1 um) of the distance h,, marked
differences from the expected values for the magnetic flux
density B, will result in the active area 104 of the Hall sensor
element 100. Thus, already relatively small changes Ah, in
the distance h, result in relatively marked changes in the
magnetic flux density B, created in the active area 104 of the
Hall sensor element 100.

FIG. 8 shows the change in the magnetic flux density EO at
the location of the sensor, i.e. in the active area of the Hall
sensor element 100, in dependence on the process tolerances
Ah,, with regard to the distance h,. If one assumes, again, a
target distance h, of 5 um, the magnetic flux density B,
which is expected for a predefined calibration current inten-
sity I, will amount to 33 pT, for example. However, if the
distance h, varies by about Ah,=+20% (e.g. =1 um) due to the
process tolerances, for example, a distance h, of 4 mm will
result in a magnetic flux density of about 38 uT, whereas a
distance h, of 6 um will result in a magnetic flux density of
about 28 uT. Thus, the resulting magnetic flux density B, will
vary already by more than 25% if the distance h, is exposed
only to a tolerance range of Ah,=+20% due to process varia-
tions. Actually, process variations of +40% may frequently
occur for layer thicknesses in semiconductor manufacturing
processes. As a result, precise determination of the sensitivity
of'the Hall sensor element 100 will at least be very imprecise
if the calibration is performed only with an assumed exciting
conductor distance h,, which in reality is often not fully
correct, or imprecise, due to the process tolerances Ah,, rather
than being performed on the basis of a knowledge of the
actual distance value hyxAh,.

SUMMARY

According to an embodiment, a magnetic field sensor may
have: a vertical Hall sensor element arranged in a semicon-
ductor substrate; and an exciting conductor arrangement
including at least one exciting conductor; said exciting con-
ductor being arranged within an exciting conductor plane
which is spaced apart, in parallel to the substrate surface, from
the vertical Hall sensor element at a vertical distance h;
having a tolerance range Ah, which is due to the manufactur-
ing process, and further has a lateral distance d, as an offset
from a center position which is located, in relation to the
substrate surface, perpendicularly to the vertical Hall sensor
element, and said lateral distance d, being dimensioned such
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that a vertical calibration component B, of a magnetic flux
density B, created by the exciting conductor arrangement in
the vertical Hall sensor element changes by less than 5%
within the tolerance range Ah, for the vertical distance h;.

According to another embodiment, a method of producing
a magnetic field sensor may have the steps of: producing or
providing a vertical Hall sensor element arranged in a semi-
conductor substrate; and arranging an exciting conductor
arrangement including at least one exciting conductor, the
exciting conductor being arranged within an exciting conduc-
tor plane which is spaced apart, in parallel to the substrate
surface, from the vertical Hall sensor element at a vertical
distance h, having a tolerance range Ah, which is due to the
manufacturing process, and which exciting conductor further
has a lateral distance d, as an offset from a center position
which is located, in relation to the substrate surface, perpen-
dicularly to the vertical Hall sensor element, and the lateral
distance d, being dimensioned such that a vertical calibration
component B, of a magnetic flux density B, created by the
exciting conductor arrangement in the vertical Hall sensor
element changes by less than 5% within the tolerance range
Ah, for the vertical distance h;.

Advantageous implementations of the invention are indi-
cated in the subclaims.

It is the core idea of the present invention that an exciting
conductor arrangement comprising an exciting conductor or a
plurality of exciting conductors be arranged in a magnetic
field sensor, or a calibratable magnetic field sensor arrange-
ment so as to be laterally offset from a central position located
perpendicularly above or below the vertical Hall sensor ele-
ment, said offset or lateral distance from the central position
being set, in dependence on the vertical distance, such that
process variations due to manufacturing will have a clearly
reduced influence on a calibration process without the actu-
ally occurring process variations having to be known in terms
of quantity. Due to the lateral offset of the exciting conductor
from the central position, the component B, which may be
detected by the Hall sensor element, in the x direction of the
magnetic flux density within the active semiconductor area of
the Hall sensor element will have a curve, in dependence on
the vertical distance and/or the height between the exciting
conductor and the active area of the Hall sensor element,
which has a local maximum and thus exhibits, in the area
around the local maximum, a very small dependence of the
magnetic flux density on process-induced variations in the
distance.

The vertical distance or height between the exciting con-
ductor and the active area of the Hall sensor element is con-
sidered to be the distance between a plane defined by the
center of gravity or the center-of-gravity line of the exciting
conductor and a plane defined by the center of gravity or the
center-of-gravity line of the active area of the Hall sensor
element, both planes being parallel to each other and to the
semiconductor substrate surface.

Since in semiconductor manufacturing processes, lateral
dimensions are subjected to considerably smaller process
variations, the lateral distance, or lateral offset, of the exciting
conductor in relation to the center position may now be pre-
cisely dimensioned such that the resulting calibration com-
ponent of a magnetic flux density created by the exciting
conductor arrangement in the active area of the vertical Hall
sensor element changes by less than 5% or even 1% within the
tolerance range for the vertical distance. In this context it is
assumed that, e.g., a predefined calibration current I; is
injected into the exciting conductor.

The vertical calibration component, created in the active
area of the vertical Hall sensor element, of the magnetic flux
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density thus is essentially independent of the process toler-
ances which occur in the manufacturing of a vertical Hall
sensor element and are frequently inevitable. The inventive
calibratable magnetic field sensor may now be calibrated in a
very precise manner, even without knowledge of the change
(s), caused by process tolerances, in vertical dimensions of
the resulting layer structure.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present invention will be detailed
subsequently referring to the appended drawings, in which:

FIGS. 1a-b show schematic diagrams in a top view and a
sectional view of a calibratable magnetic field sensor in
accordance with an embodiment of the present invention;

FIG. 2 shows a schematic curve of the magnetic flux den-
sity on the basis of the laterally offset arrangement of the
exciting conductor and in dependence on the vertical distance
in accordance with an embodiment of the present invention;

FIG. 3 shows a schematic curve of the magnetic flux den-
sity within a tolerance range for the vertical distance in accor-
dance with an embodiment of the present invention;

FIGS. 4a-b show schematic diagrams in a top view and a
sectional view of a calibratable magnetic field sensor in
accordance with a further embodiment of the present inven-
tion;

FIG. 5 shows a schematic flowchart of a method of pro-
ducing a calibratable magnetic field sensor in accordance
with a further embodiment of the present invention;

FIGS. 6a-b show a schematic diagram in a top view and a
sectional view of a magnetic field sensor in accordance with
conventional technology;

FIG. 7 shows a schematic curve of the magnetic flux den-
sity in a magnetic field sensor in accordance with conven-
tional technology; and

FIG. 8 shows a schematic curve of the magnetic flux den-
sity in a magnetic field sensor in dependence on process
tolerances in accordance with conventional technology.

DETAILED DESCRIPTION OF THE INVENTION

Before the present invention will be explained in more
detail with reference to the drawings, it shall be noted that
elements that are identical or identical in terms of function or
effect are provided with identical reference numerals in the
figures, so that the descriptions of said elements represented
in different embodiments are mutually exchangeable and/or
mutually applicable.

A first embodiment of a calibratable magnetic field sensor
10 in accordance with the present invention will be described
by means of FIGS. 1a-5.

FIGS. 1a-b show, in a schematic sectional representation,
the calibratable magnetic field sensor 10 comprising the ver-
tical Hall sensor element 14 arranged within a semiconductor
substrate 12, and the exciting conductor arrangement 16
spaced apart from the Hall sensor element 14. In the embodi-
ment depicted in FIGS. 1a-b, the exciting conductor arrange-
ment 16 comprises an exciting conductor 16-1. As is further
depicted in FIGS. 1a-b, the active area 14a of the Hall sensor
element 14, for example, has a width s, while the exciting
conductor 16-1 has a width e,. In FIG. 1a, the vertical Hall
sensor element 14 has, e.g., five contact areas 18a-¢ at the
main surface 124 of the semiconductor substrate 12 along the
active semiconductor area 14. However, the vertical Hall
sensor element 14 may also have a different number and
arrangement of contact areas.
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As is depicted in FIG. 15 along the sectional line A, A" of
FIG. 14, in the inventive calibratable magnetic field sensor 10
the exciting conductor 16-1 is parallel—within an exciting
conductor plane E, (parallel to the x-z plane), which runs,
e.g., through a geometrical center of gravity or center-of-
gravity line L., of the exciting conductor 16-1—to the sub-
strate surface 12a at a vertical distance or a height h, from/of
a plane E, (parallel to the x-z plane) which runs through a
center of gravity or center-of-gravity line L, of the active area
144 of the Hall sensor element 14. In a semiconductor manu-
facturing process, for example, the vertical distance h, is
subjected to process tolerances and/or process variations Ah, .
The exciting conductor 16-1 is now also arranged at a lateral
distance d, as an offset from a central position located, in
relation to the substrate surface 12a, perpendicularly above
(or optionally also below) the vertical Hall sensor element 14.

Thus, due to the process variations, changes may occur in
the vertical distance h; between the plane E, running through
the center of gravity or the center-of-gravity line L, of the
exciting conductor 16-1 and the plane E, running through the
center of gravity or the center-of-gravity line L, of the active
area 14a of the Hall sensor element 14, both planes E,, E,
being parallel to each other and to the semiconductor sub-
strate surface 12a.

For example, the semiconductor substrate surface 124 may
have several different process sheets formed thereon, such as
a metal-1 process sheet for contact terminals 18a-d connect-
ing to the vertical Hall sensor element 14 as well as a metal-2
process sheet wherein, e.g., the exciting conductor arrange-
ment 16 comprising the exciting conductor 16-1 may be
formed. Naturally, an additional one or several additional
metal process sheets may be provided so as to form the
contact terminals 18a-d connecting to the vertical Hall sensor
element 14 as well as the exciting conductor arrangement 16
comprising the exciting conductor 16-1. The exciting con-
ductor 16-1 may be configured as a conductor trace of a
semiconductor device. Insulating layers, e.g. made of an
oxide or nitride material, which are not explicitly shown in
FIGS. 1a-b may be arranged between individual metalliza-
tion layers, e.g. metal-1 and metal-2, etc., or on the semicon-
ductor substrate surface 12a.

If'a current I, (having a current intensity of, e.g., 1 mA) is
impressed into the exciting conductor 16-1 and flows, e.g., in
a direction out of the drawing plane of FIG. 15 (z direction),

the current flow will cause a magnetic flux density §1 at the
location of the sensor, i.e. at the center of gravity of the active
area 14a of the vertical Hall sensor element 14. In this
embodiment, the magnetic field lines 20 are arranged radially
about the exciting conductor 16-1 in the x-y plane, it being
possible for the Hall sensor element to detect a magnetic field
component B, in the x direction. The magnetic flux density

§1 is a vector which may be represented, for example, in a
Cartesian coordinate system, with magnetic field components
B,,. B,, and B, corresponding to linearly independent posi-
tion vectors X, y, Z.

The arrangement, shown in FIGS. 1a-b, of the exciting
conductor 16-1 with regard to the active area 14a of the Hall
sensor element 14 with the lateral offset d; of the exciting
conductor 16-1 from the center position yields (approxi-
mately) a magnetic flux density B, , in the direction of sensi-
tivity (in the x direction of FIGS. 1a-b) of the vertical Hall
sensor element 14 in accordance with the following equation:
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— . [idx1dx2
e/ J-si2 2t (xl-x2+d, P +h}
By = 5
s-e)

d, represents the lateral offset of the exciting conductor
16-1 with regard to the center position, while the active area
14a of the vertical Hall sensor element 14 has an effective
width s, and the exciting conductor 16 has a width e, (in the
plane E,).

The lateral offset d,, provided in accordance with the
invention, of the exciting conductor 16-1 in the exciting con-
ductor plane E, in relation to the center position results in a
curve of the magnetic flux density B, , in dependence on the
vertical distance h, and at a current intensity I, of, e.g., | mA,
as is depicted by means of FIG. 2. FIG. 2 reveals that from a
value for the vertical distance of h,=0 [um] and given a
current intensity I, of, e.g., 1 mA, the magnetic flux density
B,, will increase from a value close to 0 [uT]. A vertical
distance h,=0 means that the exciting conductor 16 and the
active area of the Hall sensor element 14 would be parallel to
each other within a plane. In this case, the resulting compo-

nent B, , of the magnetic flux density §1 would penetrate the
vertical Hall sensor element 14 in a manner perpendicular to
the direction of sensitivity of the latter, and would essentially
not create any output signal. As the value of the vertical
distance h, increases, the resulting component B, of the

magnetic flux density B 1, which can be sensed by the vertical
Hall sensor element 14, increases up to a maximum value

B

plateau area, and/or following the local maximum B
the values of the vertical distance h, increase.

The above values of the selected current intensity I, and the
vertical distance h; are to be regarded as being exemplary
only so as to obtain the curve, qualitatively illustrated in
FIGS. 2 and 3, of the magnetic flux density B, (h,) in depen-
dence of the vertical distance h;.

In accordance with the invention, on the basis of the knowl-
edge of'the curve of the resulting magnet field component B, ,

of the flux density §1 created in the active area of the Hall
sensor element, the lateral distance d, of the exciting conduc-
tor 16 from the center position is dimensioned, or set, such
that, given a predefined vertical distance h, (e.g. h;=5 um),
which is subjected to process tolerances, for example, and
may vary within a tolerance range of Ah, (+1 pm), the curve of

and will then drop at a relatively low rate following a

lxmax

as

lxmax

the component B, , of the magnetic flux density B , will have,
within the tolerance range to be expected for the vertical
distance h,+Ah,, as high a curve as possible, but also as linear
acurve as possible across said tolerance range. In accordance
with the invention, this is achieved in that the value of the
lateral distance d, is selected, in dependence on the vertical
(target) distance h,, such that the curve of the component B, .
of'the magnetic flux density in the Hall sensor element 14 will
have the (local) maximum value with as linear a range as
possible for the value of the vertical distance h, and its toler-
ance range h, +Ah , i.e. will be located in a range of the local
maximum B, .~ of FIG. 2.

As is shown in FIG. 3, which shows a section enlargement
of the curve of the component B, in the range of the local
maximum B, .., the component B, _, created by the excit-
ing conductor 16-1 placed in an offset manner, of the mag-

netic flux density B | varies only by about £1% across the
range for process tolerances h, +Ah, for the vertical distance
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h,. For example, if it is assumed that the vertical (target)
distance h;=5 pum and that process tolerances of +20% may
occur, the actual vertical distance h; may have values within
the range of h,=4 to 6 um. However, said process tolerances
have only an extremely small effect in a sensitivity measure-
ment and/or a calibration process of the vertical Hall sensor
element 14, as becomes clear from the almost linear curve of
the magnetic field component B, over the vertical distanceh,
of FIG. 3.

Since the maximum value B of the curve of the com-

1x-max

ponent B, , of the magnetic flux density B , in the active area
14a ofthe Hall sensor element 14 depends on the lateral offset
d, of the exciting conductor 16-1, the lateral distance d, may
be dimensioned, in a targeted manner, such that the influence
of process tolerances on the sensitivity measurement and/or
the calibration process of the Hall sensor element 14 is clearly
reduced. In accordance with the invention, for example, the
lateral distance d, may be set, in a targeted manner, such that
a calibration component B, . will change by less than 5% or
1% within the tolerance range Ah, for the vertical distance h,
in the event of a predefined current flow and/or calibration

current [; and a magnetic flux density B , created accordingly
in the vertical Hall sensor element 14, and/or its x component
B,..
A further embodiment of the inventive calibratable magnet
field sensor 10 will be described below with reference to
FIGS. 4a-b. As is shown in FIGS. 4a-b, the exciting conduc-
tor arrangement 16 comprises a further, second exciting con-
ductor 16-2 in addition to the first exciting conductor 16-1.
The second exciting conductor 16-2 is also arranged within an
exciting conductor plane E',, which is spaced apart, in paral-
lel to the substrate surface 12a, from the vertical Hall sensor
element 14 by a vertical distance h,, said substrate surface
12a being exposed to a tolerance range Ah,, for example, due
to process variations. Moreover, the second exciting conduc-
tor 22 has a lateral distance d, as an offset from the center
position, which is located—in relation to the substrate surface
12a—perpendicularly above the vertical Hall sensor element
14.

Asis schematically depicted in FIG. 44, the sensor element
14 is formed in the semiconductor substrate 12, several pro-
cess sheets being provided wherein the first and second excit-
ing conductors 16-1, 16-2 are formed, e.g. one metal-1 pro-
cess sheet (not shown in FIG. 4b) for potential contact
terminals connecting to the vertical Hall sensor element 14, as
well as a metal-2 process sheet. Of course, one or more further
metal process sheets may be provided, for example, to form
the contact terminals 18a-d connecting to the vertical Hall
sensor element 14, and to form the exciting conductor
arrangement 16 having the exciting conductors 16-1, 16-2,
etc. The first and second exciting conductors 16-1, 16-2 may
be arranged as integrated conductor traces above the semi-
conductor substrate 12, it being possible for insulating layers
(not shown in FIG. 4) to be arranged between the individual
metallization layers metal-1 and metal-2, etc., and/or the
semiconductor substrate surface 12a.

As is further depicted in FIGS. 4a-b, for example the active
area 14a of the Hall sensor element 14 has a width s, whereas
the exciting conductor 16-1 has a width e, and the exciting
conductor 16-2 has a width e,. In FIG. 4a, the vertical Hall
sensor element 14 again has, e.g., five contact areas 18a-e¢ at
the main surface 124 of the semiconductor substrate 12 along
the active semiconductor area 14. However, the vertical Hall
sensor element 14 may also have a different number and
arrangement of contact areas.
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As is depicted in FIG. 46 along the intersection line A, A’
of FIG. 44, in the inventive calibratable magnetic field sensor
10, the first exciting conductor 16-1 within an exciting con-
ductor plane E; (parallel to the x-z plane) running, for
example, through a geometric center of gravity or center-of-
gravity line L, ofthe exciting conductor 16-1, and the second
exciting conductor 16-2 within an exciting conductor plane
E,' (also parallel to the x-z plane) running, for example,
through a geometric center of gravity or center-of-gravity line
L, of the exciting conductor 16-2 are parallel to the substrate
surface 12a at a vertical distance or a heighth, and h,, respec-
tively, from a plane E, (parallel to the x-z plane) running
through a center of gravity or center-of-gravity line L, of the
active area 14a of the Hall sensor element 14. The vertical
distances h, and h,, for example, are subjected to process
tolerances or process variations Ah, and Ah,, respectively, in
a semiconductor manufacturing process. Additionally, the
exciting conductor 16-1 is arranged at a lateral distance d, as
an offset from a center position located, in relation to the
substrate surface 12a, perpendicularly above (or optionally
below) the vertical Hall sensor element 14.

As is depicted in FIGS. 4a-b, the first and second exciting
conductors 16-1, 16-2 are arranged within the same exciting
conductor plane E,=F',, so that h;=h, holds for the vertical
distance. This applies, for example, when both exciting con-
ductors 16-1, 16-2 of the exciting conductor arrangement 16
are produced, in the manufacturing process, in the same metal
process sheet and are thus also subjected to the same process
tolerances with regard to the vertical distances h, and h,. It is
only optionally that the vertical distance h, for the first excit-
ing conductor 16-1 and the vertical distance h, for the second
exciting conductor 16-2 may be selected to be different.

If a first current I, is impressed into the first exciting con-
ductor 16-1, and a second current I, is impressed (e.g. in the
same direction) into the second exciting conductor 16-2, the
currents I, and 1,, respectively, flowing within the respective
exciting conductors 16-1 and 16-2 cause magnetic flux den-

sities §1 and §2 in the active area 14a of the Hall sensor
element 14, which flux densities superimpose to form a

resulting magnetic flux density B 12 at the location of the
sensor. In this embodiment, the magnetic field lines 20-1,
20-2 are radially arranged around the respective exciting con-
ductor 16-1, 16-2 within the x-y plane, it being possible to
detect a resulting magnetic field component B, in the x
direction in the vertical Hall sensor element 14.

If, for a calibratable magnetic field sensor, the first and
second exciting conductors 16-1, 16-2 are placed to be offset
from a center position at different offsets d, and d,, respec-
tively, within the exciting conductor plane E, (if| e.g., h,=h,),
the respective maxima for the components B, _and B, of the
magnetic flux density B,,, generated by the first and second
exciting conductors 16-1, 16-2 will be, in the active area 14a
ofthe Hall sensor element 14, at different locations in relation
to the curve of the component B,,, of the magnetic flux
density, represented over the vertical distances h, and h,. By
means of a targeted superimposition of the magnetic fields,
which are created by predefined calibration currents I, 1,,
respectively, in the first and second exciting conductors 16-1,
16-2, respectively, the influence of process tolerances on the
vertical distances h,, h, of the exciting conductor arrange-
ment 16 may be reduced even further from the active area 14a
of the vertical Hall sensor element 14 since by means of the
targeted setting of the lateral offset in the form of the lateral
distances d, and d, for the first and second exciting conduc-
tors 16-1, 16-2, further linearization may be achieved with
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regard to the resulting component B, ,, of the combination of

the magnetic flux densities B ,and §2 inthe active area 14a of
the Hall sensor element 14.

The component B, , , created by the first and second excit-
ing conductors 16-1, 16-2, of the resulting magnetic flux

density B 1, may be approximately represented by the follow-
ing equation:

€1/2 2

2
£ by L dxldx? @
—e1/2 J-si2 2 (x1-x2+ dl)2 + h2

Biax = +
S-€1

fez/z fx/z u
ey J-s2 2

hy
(x1 —x2+dr)? + H}

s-ep

-hdxldx2
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If, for example, the resulting component B, of the mag-
netic flux density in the active area 14a of the vertical Hall
sensor element 14 is calculated by means of equation 2—the
lateral distances or offsets d1 and d2 being maintained in the
result as variables—a local maximum value may be calcu-
lated, or determined, for the resulting component B, of the
magnetic flux density, for example by means of an algebraic
evaluation of the resulting function in dependence on the
lateral distances d1 and d2.

Thus, by means of setting the lateral distances d1 and d2 in
atargeted manner for the first and second exciting conductors
16-1, 16-2 a resulting further linearization of the curve for the
component B,, may be realized in an area wherein the ver-
tical distances h,, h, are subjected to the process tolerances
Ah,, Ah,.

It should become clear from the above explanations that the
exciting conductor arrangement 16 may also comprise more
than two exciting conductors (not shown in the figures) whose
magnetic fields may be combined so as to obtain further
linearization of the detectable component B, in the active
semiconductor area of the Hall sensor element 14. The further
exciting conductors are in one or more further exciting con-
ductor planes which are spaced apart, in parallel to the sub-
strate surface (12a), from the vertical Hall sensor element
(14) at a vertical distance h, comprising a tolerance range Ah,,
which is due to the manufacturing process, and each of them
further comprises a lateral distance d,, as an offset from the
center position, the lateral distance d,, being dimensioned
such that a resulting calibration component B,,, of a magnetic
flux density created by the exciting conductor arrangement in
the vertical Hall sensor element changes by less than 5%
within the respective tolerance range Ah, for the respective
vertical distance h,,.

With regard to the above explanations it shall further be
noted that the exciting conductor arrangement may comprise
not only integrated conductors and/or exciting conductors,
but that the above explanations may similarly be applied to
discrete conductor arrangements that are arranged in an offset
manner above the active area of the Hall sensor element.

In summary it may thus be stated that by suitably setting a
lateral offset of an exciting conductor or of a plurality of
exciting conductors in relation to a center position located
above (or optionally below) the active area of the Hall sensor
element, aresulting curve of the component, detectable by the
Hall sensor element, of the magnetic flux density may be
obtained, which curve—within the tolerance range for the
vertical distances h, and h,, respectively—is extremely linear
and has a (local) maximum value where possible, so thatin a
calibration process any process tolerances with regard to the
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vertical distances h,, h, essentially do not affect the compo-
nent, created in the active area of the Hall sensor element, of
the magnetic flux density.

An embodiment in the form of a flowchart of a fundamental
method 50 of producing a calibratable magnetic field sensor
in accordance with the present invention will be described
below with reference to FIG. 5.

Initially, step 52 comprises arranging a vertical Hall sensor
element in a semiconductor substrate, or providing a vertical
Hall sensor element arranged in a semiconductor substrate.
Subsequently, step 54 comprises arranging an exciting con-
ductor arrangement, which has at least one exciting conduc-
tor, above (or below) the vertical Hall sensor element, the
exciting conductor 16-1 being arranged within an exciting
conductor plane E; which is spaced apart, in parallel to the
substrate surface 12a, from the vertical Hall sensor element
14 at a vertical distance h; comprising a tolerance range Ah,
which is due to the manufacturing process, and which excit-
ing conductor 16-1 further comprises a lateral distance d, as
an offset from a center position which is located, in relation to
the substrate surface 124, perpendicularly to the vertical Hall
sensor element 14, and the lateral distance d; being dimen-
sioned such that a calibration component B,, of a magnetic
flux density B, created by the exciting conductor arrangement
16 in the vertical Hall sensor element 14 changes by less than
5% within the tolerance range Ah, for the vertical distanceh, .

Optionally, a step 56 comprises arranging at least one fur-
ther exciting conductor 16-2 at the exciting conductor
arrangement 16, said further exciting conductor 16-2 being
within a further exciting conductor plane E;' which is
arranged to be spaced apart, in parallel to the substrate surface
12a, from the vertical Hall sensor element 14 at a vertical
distance h, comprising a tolerance range Ah, which is due to
the manufacturing process, and which exciting conductor
16-1 further comprises a lateral distance d, as an offset from
the center position, and the lateral distance d, being dimen-
sioned such that a resulting calibration component B, of a
magnetic flux density created by the exciting conductor
arrangement in the vertical Hall sensor element changes by
less than 5% within the tolerance range Ah, for the vertical
distance h,.

In the above description of the inventive calibratable mag-
netic field sensor and its manufacturing process, the calibrat-
able magnetic field sensor was represented with a vertical
Hall sensor element arranged in the semiconductor substrate.
However, it should become clear that the calibratable mag-
netic field sensor may also comprise a plurality of vertical
Hall sensor elements and a corresponding exciting conductor
arrangement comprising an exciting conductor or a plurality
of'exciting conductors. The above-described inventive imple-
mentation of the exciting conductor arrangement, provided
for a calibration process, and its arrangement with regard to a
vertical Hall sensor element are also applicable accordingly
to the individual vertical Hall sensor elements of such a cali-
bratable magnetic field sensor comprising several individual
vertical Hall sensor elements.

Even though some aspects were described in the context of
an apparatus, it is understood that said aspects also represent
a description of the corresponding method, so that an element
of'an apparatus or its implementation is also to be understood
as a corresponding method step or as a feature of a method
step. By analogy therewith, aspects that were described in the
context of or as a method step shall also represent a descrip-
tion of a corresponding element, detail or feature of a corre-
sponding apparatus.

In accordance with an embodiment, the magnetic field
sensor 10 includes, for example, a vertical Hall sensor ele-
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ment 14, the contacts of which are arranged along the z
direction, said Hall sensor element 14 being arranged in a
semiconductor substrate 12 which has an x direction and a z
direction extending in its surface and which has a y direction
extending vertically to its surface, and an exciting conductor
arrangement 16 having at least one exciting conductor 16-1.
The exciting conductor 16-1 is arranged, e.g., within an excit-
ing conductor plane E1 spaced apart from the vertical Hall
sensor element 14 in parallel with the substrate surface 12a at
a vertical distance which within a tolerance range Ah1=20%
equals a distance h1, and further comprises a lateral distance,
in the x direction d1, from the vertical Hall sensor element 14.
The lateral distance d1 is dimensioned, e.g., such that a cali-
bration component Blx would change by less than 5% within
the tolerance range Ah1 for the vertical distance hl in the x
direction of a magnetic flux density B1 created by the exciting
conductor arrangement 16 in the vertical Hall sensor element
14 at a predefined calibration current, the distances being
determined on the basis of the geometric center-of-gravity
line of the exciting conductor and of the active area of the Hall
sensor element, respectively.

The lateral distance d1 is selected, for example, such that
the curve of the calibration component Blx adopts a local
maximum value at h=h1 in dependence on a vertical distance
h at a calibration current intensity 11 of the magnetic flux
density which is created by the exciting conductor in the
vertical Hall sensor element and is assumed to have the fol-
lowing equation:

fEI/Z sf n,
—ey/2 J-s2 27T (el —=x2+d1)* + B2
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Shdxldx2
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wherein the exciting conductor 16-1 comprises a width e,
and the active semiconductor area 14a of the vertical Hall
sensor element 14 comprises a width s.

The exciting conductor arrangement 16-1 further com-
prises a further exciting conductor 16-2, for example, said
further exciting conductor 16-2 being within a further excit-
ing conductor plane E,' which is spaced apart, in parallel to
the substrate surface 12a, from the vertical Hall sensor ele-
ment 14 at a vertical distance, and further comprises a lateral
distance d, from the vertical Hall sensor element in the x
direction.

The exciting conductor 16-1 is configured, for example, as
an integrated or a discrete conductor pattern, said further
exciting conductor 16-2 being configured as an integrated or
a discrete conductor pattern.

The exciting conductor arrangement 16 comprises, for
example, a plurality of further exciting conductors, said fur-
ther exciting conductors being within one or more further
exciting conductor planes which are spaced apart, in parallel
to the substrate surface 12a, from the vertical Hall sensor
element 14 at a vertical distance, respectively, and further
comprise a lateral distance d,, from the vertical Hall sensor
element in the x direction, respectively.

In accordance with an embodiment, a method 50 of pro-
ducing the above magnetic field sensor 10 comprises the
following steps: producing or providing 52 the vertical Hall
sensor element 14 arranged in the semiconductor substrate
12; and arranging 54 the exciting conductor arrangement 16
comprising at least the one exciting conductor 16-1.

In accordance with a further embodiment, a method 50 of
producing a magnetic field sensor 10 further comprises the
following steps: producing or providing 52 a vertical Hall
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sensor element 14, the contacts of which are arranged along
the z direction, said Hall sensor element 14 being arranged in
a semiconductor substrate 12 which has an x direction and a
z direction extending in its surface and which has ay direction
extending vertically to its surface; and arranging 54 an excit-
ing conductor arrangement 16 having at least one exciting
conductor 16-1, the exciting conductor 16-1 being arranged
within an exciting conductor plane E1 which is, in parallel
with the substrate surface 124, from the vertical Hall sensor
element 14 at a vertical distance h1 which is subjected to
process tolerances, and further comprises a lateral distance
d1, provided in the x direction, from the vertical Hall sensor
element 14, the distances being determined on the basis of the
geometric center-of-gravity line of the exciting conductor and
of'the active area of the Hall sensor element, respectively, and
the lateral distance d1 being selected such that the curve of a
vertical calibration component Blx in the x direction of a
magnetic flux density B1 created by the exciting conductor
arrangement 16 in the vertical Hall sensor element 14 adopts
a local maximum value at h=h1 at a predefined calibration
current approximated by the following equation:

f+el 2
—e1/2

2 g hy
_sn 27T (xl—x2+d)? + "
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wherein the exciting conductor 16-1 comprises a width e, ,
and the active semiconductor area 14a of the vertical Hall
sensor element 14 comprises a width s, the distances being
determined on the basis of the geometric center-of-gravity
line ofthe exciting conductor and of the active area of the Hall
sensor element, respectively.

In accordance with a further embodiment, a method 50 of
producing a magnetic field sensor 10 further comprises the
following steps: producing or providing 52 a vertical Hall
sensor element 14, the contacts of which are arranged along
the z direction, said Hall sensor element 14 being arranged in
a semiconductor substrate 12 which has an x direction and a
z direction extending in its surface and which has ay direction
extending vertically to its surface; and arranging 54 an excit-
ing conductor arrangement 16 having at least one exciting
conductor 16-1 and one further exciting conductor 16-2, the
exciting conductor 16-1 being arranged within an exciting
conductor plane E; which is provided, in parallel with the
substrate surface 12a, at a vertical distance h, from the verti-
cal Hall sensor element 14, which distance h; is subjected to
process tolerances, and further comprises a lateral distance d,
in the x direction from the vertical Hall sensor element 14, and
wherein the further exciting conductor 16-2 is provided
within a further exciting conductor plane E,' which is pro-
vided, in parallel to the substrate surface 12a, at a vertical
distance h,, which is subjected to process tolerances, from the
vertical Hall sensor element 14, and further comprises a lat-
eral distance d, from the Hall sensor element in the x direc-
tion, and wherein the lateral distances d1 and d2 are selected
such that the curve of a resulting vertical calibration compo-
nent B, of a magnetic flux density created by the exciting
conductor arrangement in the vertical Hall sensor element
adopts alocal maximum value ath=h, and h'=h, at predefined
calibration current densities I, and I, through the exciting line
and the further exciting line, approximated by the following
equation:
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wherein the exciting conductor 16-1 comprises a width e,
and the further exciting conductor 16-2 comprises a width e,,
and the active area 14a of the vertical Hall sensor element 14
comprises a width s, the distances being determined on the
basis of the geometric center-of-gravity lines of the exciting
conductor and of the active area of the Hall sensor element,
respectively.

While this invention has been described in terms of several
embodiments, there are alterations, permutations, and
equivalents which fall within the scope of this invention. It
should also be noted that there are many alternative ways of
implementing the methods and compositions of the present
invention. It is therefore intended that the following appended
claims be interpreted as including all such alterations, permu-
tations and equivalents as fall within the true spirit and scope
of the present invention.

The invention claimed is:

1. A magnetic field sensor comprising:

avertical Hall sensor element arranged in a semiconductor

substrate; and

an exciting conductor arrangement comprising at least one

exciting conductor;

said exciting conductor being arranged within an exciting

conductor plane which is spaced apart, in parallel to the
substrate surface, from the vertical Hall sensor element
atavertical distance h, comprising a tolerance range Ah,
which is due to the manufacturing process, and further
comprises a lateral distance d, as an offset from a center
position which is located, in relation to the substrate
surface, perpendicularly to the vertical Hall sensor ele-
ment, and

said lateral distance d, being dimensioned such that a ver-

tical calibration component B, of a magnetic flux den-
sity B, created by the exciting conductor arrangement in
the vertical Hall sensor element changes by less than 5%
within the tolerance range Ah, for the vertical distance
h,.

2. The magnetic field sensor as claimed in claim 1, wherein
the vertical calibration component may be represented by the
following equation with a calibration current intensity I, of
the magnetic flux density created by the exciting conductor in
the vertical Hall sensor element:

fel/z s h
e 2 J-s2 27r (xl =x2+d Y + i}

s-eq

ldxldx2

wherein the exciting conductor comprises a width e, and
the active semiconductor area of the vertical Hall sensor
element comprises a width s.

3. The magnetic field sensor as claimed in claim 1, wherein
the exciting conductor arrangement comprises a further excit-
ing conductor, said further exciting conductor being within a
further exciting conductor plane which is spaced apart, in
parallel to the substrate surface, from the vertical Hall sensor
element at a vertical distance h, comprising a tolerance range
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Ah, which is due to the manufacturing process, and which
exciting conductor further comprises a lateral distance d, as
an offset from the center position, and the lateral distance d,
being dimensioned such that a resulting vertical calibration
component B, of a magnetic flux density created by the
exciting conductor arrangement in the vertical Hall sensor
element changes by less than 5% within the tolerance range
Ah, for the vertical distance h,.

4. The magnetic field sensor as claimed in claim 3, wherein
the resulting vertical calibration component B, of a mag-
netic flux density B,,, created by the exciting conductor
arrangement in the vertical Hall sensor element is based on a
combination of the vertical calibration components B, ; and
B_, created by the exciting conductor and the further exciting
conductor, respectively.

5. The magnetic field sensor as claimed in claim 3, wherein
the resulting vertical calibration component B, of the mag-
netic flux density created by the exciting conductor arrange-
ment in the vertical Hall sensor element may be represented
by the following equation:

f e ul dx1dx2
—————— | dx1dXx
e e 27r (xl—x2+d1)2+h2 !
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wherein the exciting conductor is arranged in a conductor
width and the further exciting conductor is arranged
within a further conductor plane, and wherein the further
exciting conductor comprises a width e,, and the active
area of the vertical Hall sensor element comprises a
width s.

6. The magnetic field sensor as claimed in claim 1, wherein
the exciting conductor is configured as an integrated or a
discrete conductor pattern, and wherein the further exciting
conductor is configured as an integrated or a discrete conduc-
tor pattern.

7. The magnetic field sensor as claimed in claim 1, wherein
the exciting conductor arrangement comprises a plurality of
further exciting conductors, said further exciting conductors
being in one or more further exciting conductor planes which
are spaced apart, in parallel to the substrate surface, from the
vertical Hall sensor element at a vertical distance h,, compris-
ing a tolerance range Ah, which is due to the manufacturing
process, and each of them further comprises a lateral distance
d,, as an offset from the center position, the lateral distance d,,
being dimensioned such that a resulting vertical calibration
component B,,, of a magnetic flux density created by the
exciting conductor arrangement in the vertical Hall sensor
element changes by less than 5% within the respective toler-
ance range Ah, for the respective vertical distance h,,.

8. A method of producing a magnetic field sensor, com-
prising:

producing or providing a vertical Hall sensor element

arranged in a semiconductor substrate; and

arranging an exciting conductor arrangement comprising

at least one exciting conductor,

the exciting conductor being arranged within an exciting

conductor plane which is spaced apart, in parallel to the
substrate surface, from the vertical Hall sensor element
at a vertical distance h, comprising a tolerance range Ah,
which is due to the manufacturing process, and which
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exciting conductor further comprises a lateral distance
d, as an offset from a center position which is located, in
relation to the substrate surface, perpendicularly to the
vertical Hall sensor element, and

the lateral distance d, being dimensioned such that a ver-
tical calibration component B, of a magnetic flux den-
sity B, created by the exciting conductor arrangement in
the vertical Hall sensor element changes by less than 5%
within the tolerance range Ah, for the vertical distance
h,.

9. The method as claimed in claim 8, further comprising:

arranging at least one further exciting conductor at the
exciting conductor arrangement,

said further exciting conductor being within a further excit-
ing conductor plane which is arranged to be spaced
apart, in parallel to the substrate surface, from the verti-
cal Hall sensor element at a vertical distance h, compris-
ing a tolerance range Ah, which is due to the manufac-
turing process, and which exciting conductor further
comprises a lateral distance d, as an offset from the
center position, and the lateral distance d, being dimen-
sioned such that a resulting vertical calibration compo-
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nent B, of a magnetic flux density created by the excit-
ing conductor arrangement in the vertical Hall sensor
element changes by less than 5% within the tolerance
range Ah, for the vertical distance h,.

10. The method as claimed in claim 8, further comprising:

arranging a plurality of further exciting conductors at the

exciting conductor arrangement,

said further exciting conductors being in one or more fur-
ther exciting conductor planes which are spaced apart, in
parallel to the substrate surface, from the vertical Hall
sensor element at a vertical distance h, comprising a
tolerance range Ah,, which is due to the manufacturing
process, and each of them further comprises a lateral
distance d, as an offset from the center position, the
lateral distance d,, being dimensioned such that a result-
ing vertical calibration component B,, of a magnetic
flux density created by the exciting conductor arrange-
ment in the vertical Hall sensor element changes by less
than 5% within the respective tolerance range Ah,, for the
respective vertical distance h,,.
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